Receptor tyrosine kinases are involved in multiple cellular processes, and drugs that inhibit their action are used in the clinic to treat several types of cancer. However, the value of receptor tyrosine kinase inhibitors (RTKIs) for treating infectious disease has yet to be explored. Here, we have shown in mice that administration of the broad-spectrum RTKI sunitinib maleate (Sm) blocked the vascular remodeling and progressive splenomegaly associated with experimental visceral leishmaniasis. Furthermore, Sm treatment restored the integrity of the splenic microarchitecture. Although restoration of splenic architecture was accompanied by an increase in the frequency of IFN-g + CD4 + T cells, Sm treatment alone was insufficient to cause a reduction in tissue parasite burden. However, preconditioning by short-term Sm treatment proved to be successful as an adjunct therapy, increasing the frequency of IFN-g + and IFN-g + TNF + CD4 + T cells, enhancing NO production by splenic macrophages, and providing dose-sparing effects when combined with a first-line immune-dependent anti-leishmanial drug. We propose, therefore, that RTKIs may prove clinically useful as agents to restore immune competence before the administration of chemo-or immunotherapeutic drugs in the treatment of visceral leishmaniasis or other diseases involving lymphoid tissue remodeling, including cancer. Receptor tyrosine kinases are involved in multiple cellular processes, and drugs that inhibit their action are used in the clinic to treat several types of cancer. However, the value of receptor tyrosine kinase inhibitors (RTKIs) for treating infectious disease has yet to be explored. Here, we have shown in mice that administration of the broad-spectrum RTKI sunitinib maleate (Sm) blocked the vascular remodeling and progressive splenomegaly associated with experimental visceral leishmaniasis. Furthermore, Sm treatment restored the integrity of the splenic microarchitecture. Although restoration of splenic architecture was accompanied by an increase in the frequency of IFN-γ + CD4 + T cells, Sm treatment alone was insufficient to cause a reduction in tissue parasite burden. However, preconditioning by short-term Sm treatment proved to be successful as an adjunct therapy, increasing the frequency of IFN-γ + and IFN-γ + TNF + CD4 + T cells, enhancing NO production by splenic macrophages, and providing dose-sparing effects when combined with a first-line immune-dependent anti-leishmanial drug. We propose, therefore, that RTKIs may prove clinically useful as agents to restore immune competence before the administration of chemo-or immunotherapeutic drugs in the treatment of visceral leishmaniasis or other diseases involving lymphoid tissue remodeling, including cancer.
Introduction
Receptor tyrosine kinase inhibitors (RTKIs) are playing a growing role in the treatment of cancer, either as monotherapy or in combination with other anticancer drugs (1) (2) (3) . Inhibition of changes in vasculature are well-documented outcomes of RTKI treatment (3) (4) (5) , with the inhibitory effects of these drugs initially attributed to the blockade of VEGFRs and PDGFR (6) . However, recent evidence suggests that the multitarget capabilities of RTKIs may underlie their beneficial effects in the treatment of chronic inflammation (3) . Although drugs of this class have not been evaluated to date for efficacy in an infectious disease setting, their established pharmacokinetic and safety profiles and ready availability could lead to a significant and rapid impact on the treatment and control of major globally important diseases.
Visceral leishmaniasis (VL), caused by the protozoan parasites Leishmania donovani and L. infantum, is one of the most important of the neglected tropical diseases, with approximately 500,000 new cases and 70,000 deaths reported per annum (7, 8) . Pentavalent antimonial drugs remain a first-line therapy for VL in most parts of the world, although increasing drug resistance now limits their use in India. Drug toxicity, increasing drug resistance, and a paucity of new drugs on the horizon (8) have focused attention on the need to develop new combined approaches to therapy, including therapeutic vaccination, and on the development of dose-sparing regimens (9, 10) . The recognition that many antileishmanial drugs operate in synergy with host immune mechanisms (11) and some success with immunochemotherapy in humans (9, 12) have fueled further interest in defining molecular targets for immunotherapy, with CD40, CTLA4, OX40L, and IL-10R (13) (14) (15) (16) all being validated in experimental models as candidates to boost T cell responses and enhance macrophage leishmanicidal activity.
Splenomegaly is a hallmark of both human and experimental VL. Studies in experimental models have been instrumental in deciphering the pathological changes that occur during splenomegaly (reviewed in ref. 17 ); these were conducted in the hope that a greater understanding of the processes involved might shed light on new therapeutic approaches. We have previously shown that progressive infection with L. donovani in mice is characterized by breakdown of splenic marginal zone architecture, with loss of marginal zone macrophages (MZMs) and repositioning of marginal metallophilic macrophages (MMMs) (17) (18) (19) (20) . Within the splenic white pulp, there is also disruption to both the follicular DC (FDC) network in B cell follicles (21) and the gp38 + fibroblastic reticular cell (FRC) network that guides T cell and DC migration in the T cell zone (22) . Similar alterations to splenic architecture are also observed in other infectious causes of splenomegaly, including experimental malaria (23, 24) , trypanosomiasis (25) , and following infection with LCMV (26) (27) (28) ; furthermore, although less well characterized, they are also a feature of human VL (29) .
The importance of lymphoid tissue microanatomy, in particular of the stromal cell networks, is increasingly recognized as having a major influence on immune responsiveness (30) (31) (32) (33) . Thus, we and others have proposed that lymphoid tissue remodeling may be a common mechanism that underpins disease-associated immunosuppression (18, 22, 26, 28) . Direct evidence in support of this concept has recently been obtained in mice infected with LCMV. This viral infection leads to transient splenomegaly and immu-nosuppression. However, as virus is cleared, normal lymphoid tissue architecture is restored, promoted by lymphoid tissue inducer (LTi) cells, and this process restores immune responses to thirdparty immunization (28) .
Here, we provide the first direct evidence to our knowledge of vascular remodeling in the spleens of mice infected with L. donovani and show that treatment with the clinically validated RTKI sunitinib maleate (Sm) inhibited infection-associated splenomegaly. More striking, we show that Sm treatment induced a restoration of splenic microarchitecture, largely independent of the function of retinoid orphan-related receptor γ-dependent (RORγ-dependent) LTi cells, with a commensurate increase in immune competence. Furthermore, preconditioning with Sm was shown to be successful as a dose-sparing strategy for use with conventional antimonial drugs that are known to be immune dependent for their efficacy in vivo, with enhanced leishmanicidal activity during combined therapy attributable to increased local production of NO mediated by CD4 + T cells producing IFN-γ and TNF. In addition to providing an approach for the treatment of VL in humans, our studies indicate what we believe to be a novel mode of action for broad spectrum RTKIs, namely the restoration of secondary lymphoid tissue architecture, which may also be of relevance to developing new strategies for the use of these drugs in cancer chemotherapy.
Results

Splenomegaly in experimental VL is accompanied by extensive vascular remodeling.
A role for vascular remodeling in the development of splenomegaly associated with leishmaniasis was first suggested by electron microscopical studies of splenic architecture in dogs with progressive canine VL (34) . We therefore first analyzed whether vascular changes occurred during the progression of L. donovani infection in mice at 14-28 days postinfection (dpi), when severe splenomegaly and increased tissue parasite burden became most evident ( Figure 1, A and B) . Injection of FITC-dextran followed by microangiography revealed substantial changes to the vascular network in the spleens of mice with chronic infection compared with spleens from uninfected control mice ( Figure 1C ). By whole-mount confocal microscopy, sprouting of α-SMA + vessels was clearly visible in spleens of chronically infected mice, but was not observed in the spleens of uninfected mice ( Figure 1D and Supplemental Videos 1 and 2; supplemental material available online with this article; doi:10.1172/JCI41281DS1). To determine whether these vessels contained dividing vascular endothelial cells, we stained thin sections with the proliferation marker Ki67 ( Figure 1E ). Quantitative analysis confirmed an approximately 17-fold increase in the number of Ki67 + CD31 + cells per cross-sectional vessel profile in the spleens of infected versus uninfected mice (P = 0.0003; Figure 1F ). These data suggested that active endothelial cell proliferation was occurring in the spleens of mice with progressive VL.
The endothelial cell marker Meca32 identifies red and white pulp vasculature in the mouse spleen, including the marginal sinusoids (35) . By confocal microscopy, expression of Meca32 was observed to increase over the course of infection, significantly so beginning at 14 dpi (P < 0.01; Figure 2A ). CD31 expression, in contrast to that of Meca32, was restricted to the white pulp central arteriole and largecaliber vessels in the spleens of uninfected mice ( Figure 2B ). However, in infected mice, CD31 expression was progressively observed on what appeared to be newly emergent white pulp vessels ( Figure 2B and Figure 3A ). To determine whether these CD31 + vessels represented new vascular growth, rather than merely vascular redistribution in the tissue, we used both thin sections ( Figure 3A ) and thick frozen sections (Supplemental Videos 3 and 4) to identify α-SMA, as a marker of perivascular mesenchymal cells. Whereas early after their appearance (14 dpi), white pulp CD31 + vessels rarely stained for α-SMA, these vessels acquired α-SMA + mesenchymal cells over time. Quantitative analysis demonstrated that there was a significant increase in the frequency of CD31 + vessels with accompanying α-SMA + mesenchymal cells (14 dpi, 32% ± 5% of all CD31 + cells; 28 dpi, 90% ± 4%; Figure 3B ). The marginal zone sinus also undergoes some disruption during experimental VL (19) . However, we, as well as others working in murine models of malaria (24) , noted that MAdCAM-1, the marker usually used to identify marginal sinus lining cells in the spleen, became expressed in a diffuse pattern across the white pulp after infection (Supplemental Figure 1) , making it difficult to quantify changes in the marginal sinus with any degree of certainty. Nevertheless, our data collectively provide strong evidence that active vascular remodeling accompanies the development of progressive splenomegaly during VL.
Inhibition of splenomegaly and vascular remodeling by Sm. Sm is a broad-spectrum RTKI that targets VEGFR-1 and -2, CSF1-R, PDGFRα and β, cKIT receptor, and Flt-3 (36) and is approved for use in the treatment of renal cell cancer and imatinib-resistant or -intolerant GIST (37) . As reversal of vascular remodeling is a suggested application of Sm (38), we used this drug to evaluate the effects of RTKIs on the development of splenomegaly and the outcome of infection. We adopted a standard protocol for testing anti-leishmanial drugs (16, 39) , commencing 7 days of Sm therapy at 21 dpi. In untreated as well as vehicle-treated infected mice, spleen/body weight ratios increased 2-to 3-fold from 21 to 28 dpi (21 dpi, spleen weight 0.261 ± 0.03 g; 28 dpi treated with vehicle, 0.644 ± 0.06 g; P = 0.008; Figure 4A ). In contrast, progressive splenomegaly did not occur in mice treated with Sm (spleen weight of 0.277 ± 0.06 g at 28 dpi). Oral administration of Sm inhibited progressive splenomegaly, but was not directly antiparasitic against amastigotes in macrophages in vitro (Supplemental Figure 2 ) and had minimal effects on total splenic parasite burden in vivo ( Figure 4B and Table 1 ). In naive mice, Sm had no evident effect on splenic vasculature (Supplemental Figure 3 ), but treatment with Sm clearly reduced the extent of vessel branching in infected mice (Figure 4C ). Quantitative analysis confirmed that Sm inhibited the progressive vascularization associated with splenomegaly, as measured by expression at 28 dpi of CD31 (vehicle, 8.9% ± 1.3% vascularization; Sm, 4.4% ± 0.5%; P = 0.005; Figure 4 , D and F) and Meca32 (vehicle, 10.2% ± 0.8%; Sm, 7.1% ± 0.5%; P = 0.004; Figure 4 , E and G). Thus, Sm could effectively inhibit ongoing vascular remodeling during experimental VL. The effect of Sm was short-lived, as expected from its lack of antiparasitic effect, and at 35 dpi, 7 days after cessation of treatment, spleen sizes were comparable in treated and untreated infected mice (0.59 ± 0.05 g and 0.57 ± 0.06 g, respectively).
Sm treatment reverses lymphoid tissue remodeling. We then determined whether blockade of RTKs affected splenic lymphoid tissue microarchitecture. As previously reported, splenomegaly in experimental VL is accompanied by disruption of MMMs in the inner marginal zone and loss of MZMs from the outer marginal zone, as well as by erosion of the FDC and FRC networks, with accompanying loss of T and B cell segregation and associated constitutive chemokine production (18, 21, 22) . Disruption was already evident compared with naive mice at 21 dpi and was more extensive at 28 dpi in vehicle-treated infected mice. In contrast, infected mice treated with Sm showed almost complete reestablishment of T cell, B cell, and MMM positioning ( Figure 5A ). Sm treatment significantly restored the white pulp FRC network, as judged by gp38 staining (vehicle, 2.2% ± 0.5% of white pulp area; Sm, 5.1% ± 0.9%; P = 0.016; Figure 5 , B and E). Likewise, Sm treatment restored the FDC network, as judged by either FDCM1 staining (vehicle, 5.8% ± 1.7%; Sm, 14.4% ± 3.5%; P = 0.04; Figure 5 , C and F) or by CD35 staining
Figure 2
Increased expression of Meca32 and CD31 in L. donovani-infected spleens. (A and B) Expression of Meca32 (A) and CD31 (B) was determined (red) by immunostaining of frozen spleen sections from naive mice and mice at 7, 14, 21, and 28 dpi. Sections were counterstained with the nuclear dye DAPI (blue). Scale bars: 100 μm. Quantification of the area covered by Meca32 + and CD31 + endothelial cells in whole spleen was determined using computer-assisted morphometric analysis. A significant increase in the vascular area was observed in tissues beginning at 14 dpi compared with naive animals. Data are mean ± SEM of at least 3 independent experiments (n = 20 per time point). **P = 0.01, ***P < 0.0001, ANOVA.
(data not shown). T cell zone CCL21 expression was also substantially restored by Sm treatment ( Figure 5D ). MZMs, which are lost by 21 dpi (19), did not reappear in drug-treated mice, as expected based on their slow repopulation kinetics (40) . The total number of F4/80 + splenic macrophages was not significantly affected by Sm treatment at 28 dpi (Sm, 3.14 ± 0.67 × 10 7 cells; vehicle, 5.9 ± 1.7 × 10 7 cells; P = NS). Sm treatment also had no effect on the frequency of splenic B cells, T cells, macrophages, or DCs or on total T cell number, but helped restore IgM hi B cell localization in the marginal zone (Supplemental Figures 4 and 5 ). These data demonstrate the striking ability of an RTKI to restore lymphoid tissue architecture that had been otherwise remodeled during the course of a chronic infectious disease.
LTi cells are not required for lymphoid tissue reorganization after Sm treatment. Lineage -CD3 -CD4 + CD45 + IL-7Rα + LTi cells have been reported to play an instrumental role in restoring stromal cell networks following recovery from LCMV infection (28) , and the development of LTi cells has been shown to be critically dependent upon the transcription factor RORγ (41) . Therefore, to determine whether there was also a role for LTi cells in the restoration of lymphoid tissue microenvironments that resulted from Sm treatment, we used the same approach as Scandella et al. and generated radiation chimeras using bone marrow cells derived from Rorc -/-mice. After 8 weeks, chimeras were analyzed for the presence of LTi cells. As expected (28) ). These chimeric mice were then infected with L. donovani; at 21 dpi, groups were treated with Sm or vehicle, and spleen histology was assessed 7 days later. In both control B6→B6.CD45.1 chimeras (LTi-sufficient) and B6.Rorc -/-→B6.CD45.1 (LTi-deficient) infected mice, treatment with Sm resulted in marked improvement in T cell, B cell, and MMM positioning ( Figure 6B ) and a high degree of restoration to the FRC ( Figure 6C ) and FDC (Supplemental Figure 7 ) networks. These data suggest that, in contrast to that seen during natural resolution of splenic architecture following viral infection, LTi cells are not essential for restoration of splenic architecture following blockade of RTKs in this model.
Preconditioning with Sm partially restores immunocompetence in L. donovani-infected mice.
Lymphoid tissue microanatomy is increasingly recognized as having a major influence on immune responsiveness (30) (31) (32) (33) , and we and others have proposed that lymphoid tissue remodeling may be a common mechanism that underpins disease-associated immunosuppression (18, 22, 26, 28) . Such a causal link would imply that restoration of splenic architecture should improve immunocompetence in infected mice. IFN-γ, TNF, and IL-10 are key cytokines regulating host resistance and immunedependent chemotherapy against L. donovani (39, 42) , with data from human VL suggesting that IL-17A may also play a beneficial role (43) . Therefore, we first sought to determine whether these cytokines could be detected directly ex vivo from mice infected with L. donovani and treated or not with Sm. At 7 days after cessation of Sm treatment, the frequency and number of CD4 + T cells capable of secreting detectable amounts of IFN-γ without in vitro restimulation increased ( Figure 7, A and B) . In contrast, TNF-α-and IL-10-secreting cells were found at a much lower frequency and abundance, and there was no significant effect of Sm treatment ( Figure 7 , C-F). We could not detect IL-17a production in CD4 + T cells by this method (data not shown). Furthermore, within the CD8 + T cell population, we observed no impact of Sm treatment on the production of any of the cytokines examined ( Figure 7 , A-F). To further explore the production of IL-10 and IL-17a in the spleens of infected and treated mice, we performed real-time RT-PCR for Il10 and Il17a mRNA. In comparison to mice treated with vehicle control, mice treated with Sm had decreased Il10 mRNA accumulation and increased Il17a mRNA accumulation, suggesting that the production of these cytokines by cells other than T cells may occur following Sm treatment. Importantly, although
Figure 3
Vessel maturation during L. donovani-induced vascular remodeling. (A) Sections of frozen spleens taken during the course of L. donovani infection were stained with antibodies to CD31 and α-SMA. Fluorescent images highlight costaining of CD31 + vessels (green) and α-SMA (red) on splenic white pulp vessels in naive mice and mice at 14, 21, and 28 dpi. Asterisks denote central arterioles. Note the increased expression of α-SMA on the CD31 + vessels in the chronic stages of infection. Original magnification, ×200. (B) Quantification of CD31/ SMA association during the course of L. donovani infection. The number of areas positive for CD31 was counted per field of view, and the number with intimately associated SMA staining was then determined. The combined data highlight the differences in the ratio of CD31 + to SMA + CD31 + areas. At least 3 fields of view were counted per spleen section. Data are mean ± SEM of at least 2 independent experiments (n = 3 per time point). **P = 0.0012.
these data indicate that the balance of effector and inhibitory responses and hence the overall level of immune competence of Sm-treated mice had improved, the magnitude of this response was clearly insufficient on its own to result in significant parasite killing ( Figure 4B and Supplemental Figure 8) .
Preconditioning with Sm provides a dose-sparing strategy for antimonial chemotherapy. Conventional chemotherapy for leishmaniasis involves the use of pentavalent antimonial drugs (sodium stibogluconate; Sb v ), and treatment of leishmaniasis with Sb v represents a paradigm for cytokine-dependent chemotherapy (11, 44) . IFN-γ and TNF have been shown in vitro, in experimental models, and (in the case of IFN-γ) in humans to synergize with antimonial drugs (45) (46) (47) , and blockade of IL-10 is associated with improved chemotherapy (14) . To establish proof-of-concept that treatment with a RTKI might, therefore, represent a route to develop dose-sparing regimens for conventional antileishmanial drugs, we treated L. donovani-infected mice with Sm at 21 dpi followed 7 days later with either an optimal (500 mg/kg) or a suboptimal (50 mg/kg) dose of Sb v (14) . Neither Sm treatment alone nor 50 mg/kg Sb v alone induced significant leishmanicidal activity. In contrast, the sequential administration of these 2 drugs was highly effective, with parasite clearance after combined therapy achieving a level of effectiveness almost as high as that obtained with a 10-fold greater dose of Sb v used as monotherapy (Table 1) . To extend this observation, we next performed a dose ranging study to determine the extent to which Sm could synergize with lower doses of Sb v ( Figure  8A ). From these data, we were able to calculate ED 50(spleen) values for Sb v when used as monotherapy (130 mg/kg) and when used in combination therapy with Sm as a preconditioning agent (26 mg/kg). Although we have focused here on the local effects of Sm on the control of splenic parasite burden, we also used data from this experiment to determine the impact on Sm preconditioning on the efficacy of Sb v chemotherapy in the liver, another target organ of this infection. As in spleen, treatment with Sm alone had no impact on the outcome of hepatic infection ( Supplemental Figure 8) . However, Sm treatment reduced the calculated ED 50(liver) for Sb v from 226 mg/kg as monotherapy to 39 mg/kg in combined therapy, again representing a marked dose-sparing effect attributable to Sm preconditioning.
To gain further insight into the mechanism underlying the improved efficacy of this combined therapy approach, we analyzed intracellular cytokine production in CD4 + T cells in greater detail in mice treated either with monotherapy or with Sm plus 50 mg/kg Sb v as a combined therapy. In order to focus on antigenspecific cytokine responses and increase the likelihood of picking up polyfunctional responses, we restimulated CD4 + T cells with Leishmania antigen-pulsed bone marrow-derived DCs (BMDCs) (48) . High levels of intracellular IFN-γ and TNF were readily detectable in all groups of mice examined ( Figure 8, B and D-F) . Although we detected IL-10 at a low frequency, the frequency of CD4 + T cells producing this cytokine did not vary among any of the treatment groups ( Figure 8C ). As with direct ex vivo staining, we also failed to detect any IL-17a after antigen restimulation of CD3 + CD4 + T cell populations in these mice ( Figure 8C ). We then further analyzed the CD4 + T cell response on the basis of whether cells produced IFN-γ and TNF singly or together (Figure 8, D-F) . In keeping with earlier data (Figure 7) , there was a trend in mice treated with Sm alone toward increased frequency of IFN-γ + CD4 + T cells, although, in contrast to results of direct ex vivo measurements, this was not significant with antigen restimulation. Similarly, mice treated with Sb v alone also had a small but significant increase in the frequency of IFN-γ + CD4 + T cells. However, in mice treated with both Sm and Sb v , the frequency of IFN-γ + CD4 + T cells was markedly increased compared with that in untreated infected mice or mice given either monotherapy ( Figure 8D ). The effects of these different drug regimens was also largely recapitulated within the IFN-γ + TNF + coproducing CD4 + T cell population ( Figure 8E ), but did not extend to single TNF-secreting CD4 + T cells, where the frequency of response was unchanged by either monotherapy or combined therapy ( Figure 8F) . Finally, to determine whether these changes in known macrophage-activating cytokines translated into greater macrophage activation in situ, we examined the production of NO from splenic macrophages isolated from each treatment group ( Figure 8G ). These data showed a striking concordance with our cytokine analysis, with both Sm and Sb v having a minimal impact on NO production when used as monotherapy, and a marked improvement in NO production as a result of combined therapy. Collectively, these data represent what we believe to be the first successful attempt at combination therapy for a parasitic infection using an RTKI and suggest a mode of action for this combined therapy that involves the enhancement of macrophage NO production driven by CD4 + T cell-derived IFN-γ and TNF.
Discussion
RTKIs are potent drugs, known to have broad-spectrum effects but notable for their antiangiogenic properties. Although the pipeline for development of RTKIs has been fueled by diseases of the developed world, we demonstrate here that such drugs may also prove to be highly beneficial for VL, one of the most important of the neglected tropical diseases. We have demonstrated that the major pathological manifestations of experimental VL were inhibited with Sm, a licensed and widely available RTKI, that treatment with Sm enhanced endogenous CD4 + T cell effector cell function, and that Sm provided dose-sparing synergistic effects in combination with conventional chemotherapy.
The spleen is a major target of infection in all forms of VL, and splenomegaly is a consistent clinical presentation. There have been few published studies, however, on the histopathology of human spleen during VL, and none that we are aware of have specifically examined the splenic microvasculature nor used immunochemistry to directly evaluate the positioning of specific lymphocyte, myeloid, or stromal cell populations. Nevertheless, we believe that from the available evidence, changes similar to those reported here in mice may occur in humans. First, in spite of clear anatomical differences in the microarchitecture of rodent and human spleen (33) , H&E studies of human spleens taken from postmortem VL patients show white pulp atrophy, with loss of germinal centers, depletion of lymphocytes (presumptive T cells), follicular disruption, and extensive macrophage egress into the tissue (29, 49) , all histopathologic changes that were also observed in experimental VL (17, 20) and in canine VL (50) . Second, studies in canine VL have provided clear electron microscopical evidence for microvascular changes associated with progressive disease (34) , data confirmed here by a variety of other approaches in experimental murine VL. Clearly, future immuno-histochemical analysis of the L. donovaniinfected human spleen could provide further evidence to support the use of RTKIs for the treatment of this disease in humans.
These histopathologic changes in lymphoid tissue organization are likely to have a variety of sequelae that affect immune competence. In lymph nodes and spleen, elegant 2-photon imaging stud- At 21 dpi with L. donovani, C57BL/6 mice were orally gavaged (daily for 7 days) with vehicle control (VC) or 35 mg/kg Sm. At 28 dpi, a cohort of mice was killed to determine parasite burden. The remaining mice received a single suboptimal (50 mg/kg) or optimal (500 mg/kg) dose of Sb v i.p. or saline, and at 35 dpi, parasite burden and percent inhibition relative to appropriate saline controls were determined (11) . Data (mean ± SEM) were pooled from 2 independent experiments (n = 10 per group). P values were calculated using ANOVA with post-test. A P < 0.01 versus vehicle plus Sb v (50 mg/kg). B P < 0.001 versus relevant saline control.
ies have recently revealed the importance of the FRC network, both as a guiding structure for T cell migration into, and as a modifier of T cell behavior within, the T cell zone (30, 51) . This functional role for the FRC network, when taken in conjunction with our prior finding that the FRC network is remodeled during experimental VL (22) , is entirely consistent with the observation that T cell migration into the periarteriolar lymphocytic sheath (PALS) is severely impaired in mice with VL (19) . Mice with progressive VL also have defective traffic of DCs into the PALS, although this functional defect reflects IL-10-induced inhibition of CCR7 expression, rather than the defective production of CCL21 and CCL19 that occurs as a consequence of loss of the FRC network (22) . Nevertheless, these 2 features of VL pathology allowed us to propose a model of immunosuppression based on spatial segregation of CD4 + T cells and DCs (22, 52) , and this model has subsequently been supported by observations made in other diseases (23, 26, 28) . Given the evidence presented here that Sm treatment leads to both restoration of the FRC network and decreased Il10 mRNA levels in the spleens of infected mice, it is reasonable to suggest enhancement of productive CD4 + T cell-APC interactions as one of the mechanisms underlying the effectiveness of Sm preconditioning. Ongoing studies using intravital microscopy should determine whether this indeed does occur in situ. From a functional standpoint, however, it is clear from our data that increased capacity to produce macrophage-activating cytokines is a major correlate of the effectiveness of combined chemotherapy Scale bars: 100 μm. (E and F) Area of gp38 staining in the T cell areas (E) and FDCM1 staining in B cell areas (F) after Sm treatment, determined using computer-assisted morphometric analysis. Data are mean ± SEM of at least 2 independent experiments (n = 3 per time point). *P < 0.05, **P < 0.01.
using Sm and Sb v . Thus, whereas both drugs as monotherapy had relatively small effects on cytokine production, a minimal impact on endogenous NO production, and no leishmanicidal activity, the sequential administration of these drugs led to greater IFN-γ and TNF responses, substantially increased NO, and highly effective parasite clearance. Within this setting of sequential combined therapy, however, there are likely to be multiple layers of complexity. For example, the observed decrease in splenic IL-10 may, in addition to promoting increased APC function (22, 53) , directly facilitate parasite killing within macrophages exposed to IFN-γ and TNF production (54) . Similarly, alterations in IFN-γ induced by Sm preconditioning may also have effects on the local uptake and accumulation of Sb v within macrophages (45), contributing to the reduction in ED 50 we observed. Defining the relative contribution of these different pathways will require the future application of complex mouse models in which selective function can be ablated in a cell-specific and temporal manner.
Although we have identified multiple overlapping aspects of leishmaniasis pathology, dissection of any casual relationship(s) between the vascular remodeling and the lymphoid tissue remodeling associated with this disease also remains a substantial experimental challenge. For example, mononuclear phagocytes are known to play multiple roles in the pathogenesis of leishmaniasis: they act as host cells, regulators of immune function and as the final instrument of parasite killing (17); their cytokines are thought to contribute to lymphoid tissue remodeling (19, 22) ; and they are now recognized as important players in vascular remodeling in other systems (55) (56) (57) . Thus, any intervention targeting macrophage function may have multiple downstream consequences. Similarly, vascular remodeling is intrinsic to the inflammatory process, with many inflammatory mediators having direct activity on vasculature and also the indirect ability to stimulate other cells to produce factors such as VEGF, PIGF, MCP-1, and TGFβ1 (58-60). Indeed, chronic inflammation and vascular remodeling are now regarded as codependent processes in many immune disorders (61) (62) (63) . Nevertheless, future studies using more selective RTKIs may help unravel the multiple facets of this complex disease process.
LTi cells, in combination with lymphoid tissue organizing stromal cells, play a major role in lymphoid tissue organogenesis and immunity (64, 65) ; more recently, LTi cells have been implicated in the restoration of tissue architecture during the resolution of inflammation that follows LCMV infection (28) . In spite of their importance, however, the study of LTi cells is hampered by the lack of precise phenotypic markers and of defined functional assays. The transcription factor RORγ is known to be essential for the development of LTi cells in all systems studied to date (41) , and the use of chimeras generated using bone marrow from Rorc-deficient mice currently provides the only approach to evaluate the role of LTi cells in otherwise intact adult mice (28) . Following the same procedures as described by Ludewig and colleagues, we generated chimeric mice that had significantly reduced numbers of Lin -CD3 -CD4 + CD45 + IL-7Rα + LTi cells. These chimeras had normal numbers of other leukocyte subsets and developed levels of Leishmania-associated pathology similar to those of control chimeric mice, providing a means to evaluate whether LTi cells were involved in the restoration of architecture following Sm treatment. Surprisingly, following Sm treatment of B6.Rorc -/-→B6.CD45.1 chimeric mice, tissue restoration occurred to a similar extent as seen in control B6→B6.CD45.1 mice. Although these data would appear to suggest a differential requirement for LTi cells in the restorative process that follows resolution of LCMV infection compared with that after Sm treatment during L. donovani infection, these data need to be interpreted with caution. First, as in all studies using chimeric mice, sufficient functional activity residing within a small number of residual recipient LTi cells cannot be excluded. Second, in the absence of an assay to reliably define LTi cell function in vitro or in vivo, it is not possible to exclude the possibility that in mice with chronic Leishmania-induced inflammation, there may be RORγ-independent development of cells that can functionally compensate for classical LTi cells. In this regard, our data are compatible with reports that tertiary lymphoid structures can develop in an LTi cell-independent manner, particularly under inflammatory conditions (66, 67) .
With only a few notable exceptions, chemotherapy for VL has changed little in 50 years; in areas where drug resistance has yet to occur, it still involves parenteral administration of antimonial compounds (e.g., Pentostam and Glucantime). Amphotericin B, particularly in liposomal formulation (68) , has become the drug of choice in developed countries and where antimony resistance is problematic, but issues of cost and toxicity remain (69). Oral miltefosine, recently shown to be effective in VL (70), has also more recently been shown to be compatible for use in combination therapy with Amphotericin B (71) . Of note, it has been long recognized from studies in experimental VL that the efficacy of the antimonial drugs is exquisitely dependent upon host immune function, being modulated by a number of key T cell-derived cytokines (11, 14, 44) . Although amphotericin B is less immune dependent in its mode of action in mice (11) , clinical experience in the treatment of VL in HIV-infected patients, using this drug (72) as well as miltefosine (73) , suggest that in humans, all antileishmanial drugs in current use probably have some degree of dependency on host immune effector mechanisms, particularly when measured in terms of the frequency of relapse. Hence, we believe that the restoration of immune competence described here could prove beneficial in combination with a variety of established therapeutic modalities.
In conclusion, concerns about severe side effects from drug toxicity in the treatment of leishmaniasis, such as nephrotoxicity (74) , pancreatitis (75) , and hepatotoxicity (76, 77) along with the development of drug resistance (78) , have led to a need for the development of combined therapies for the leishmaniases, and notably for VL and drug-resistant cutaneous leishmaniasis. Our data suggest that a short-duration preconditioning regimen using broad-spectrum RTKIs, if proven safe in patients with active leishmaniasis, NO production by adherent splenocytes from infected mice treated as indicated. Data (mean ± SEM) are from 1 experiment (n = 6 per group). *P < 0.05, **P < 0.01, ***P < 0.001. may help meet this major unmet clinical need. Furthermore, given that some conventional cancer drugs also depend upon immune responses for their efficacy (79) , and with mounting evidence for the immune dependence of chemotherapy against other globally important infections such as malaria (80) , the ability of RTKIs to restore the damage to lymphoid tissue architecture induced by chronic inflammation may be of value in other diseases in which splenomegaly and/or lymphoid tissue remodeling are apparent.
Methods
Experimental infection and treatment. C57BL/6 CD45.1 and CD45.2 mice were obtained from Charles River UK, housed under specific pathogen-free conditions, and used at 6-10 weeks of age. In vitro antigen stimulation. BMDCs were generated from mouse bone marrow progenitors in DMEM supplemented with 10% fetal calf serum and 10% GM-CSF, and infected with L. donovani amastigotes at a multiplicity of infection of 10:1. Whole spleen cell suspensions were isolated from control or drug-treated L. donovani-infected mice and cultured at 37°C in the presence of infected BMDCs for 3 hours followed by incubation with brefeldin-A for 4 hours. Cells were then stained for CD3 in combination with CD4 and/or CD8 and analyzed for intracellular cytokine production.
Flow cytometry. Cells were surface stained with PE-Cy7-conjugated anti-CD3, PerCP-conjugated anti-CD4, APC Cy7-conjugated anti-CD8, Alexa Fluor 647-conjugated F4/80, or PE-conjugated anti-CD11b (BD Biosciences -Pharmingen). LIVE/DEAD fixable aqua dead cell stain kit (Invitrogen) was added in some experiments. Cells were then fixed with 2% paraformaldehyde, permeabilized with 0.5% saponin, and stained with Pacific blue-conjugated anti-IFN-γ, PE-conjugated anti-TNF-α, APC-conjugated anti-IL-10, and FITC-conjugated IL-17a (eBioscience). B cell frequency was assessed by staining spleen cell suspensions with PerCP-conjugated anti-CD45R (BD Biosciences -Pharmingen). LTi cells were identified as described previously (28) . FITC-conjugated anti-CD45, Pacific blue-conjugated anti-CD3, Alexa Fluor 647-conjugatedanti CD11c, Pacific blue-conjugated anti-CD45R, and PE-conjugated anti-IL-7Rα were all purchased from eBioscience, and PerCP-conjugated anti-CD4 was purchased from BD Biosciences -Pharmingen. Cells were analyzed using a cyAn flow cytometer and analyzed using Summit software (Beckman Coulter).
Confocal microscopy. Frozen spleen sections (6-40 μm) were acetone fixed and labeled with a biotinylated anti-CD31 (PECAM-1; eBioscience) or purified rat anti-mouse pan-endothelial cell antigen antibody (Meca32; BD Biosciences -Pharmingen) and detected with Alexa Fluor 488 streptavidin conjugate or with a fluorochrome-conjugated goat anti-rat antibody (both from Invitrogen). Polyclonal rabbit anti-mouse Ki67 antibody detected with an Alexa Fluor 647-conjugated goat anti-rabbit (Abcam) and/or a Cy3-labeled monoclonal antibody against α-SMA (clone 1A4; Sigma-Aldrich) were used in combination with anti-CD31 to identify proliferating endothelial cells and recruitment of perivascular mesenchymal cells, respectively. To assess microarchitecture, sections were stained with mAbs to MMM (MOMA-1; Acris Antibodies), MZM (ERTR9; Bachem), T cell zone FRC (Alexa Fluor 488-conjugated podoplanin; gp38; eBioscience), FDC (FDCMI), Pacific blue-conjugated CD3, FITC-conjugated B220, Alexa Fluor 647-conjugated F4/80, and MAdCAM-1 biotin conjugated (Serotec). Fluorochrome-conjugated goat anti-rat antibodies were used for detection of purified antibodies and streptavidin conjugated secondary for the detection of biotin-conjugated antibodies. Sections were counterstained with DAPI and mounted in Pro-long Gold anti-fade (Invitrogen) and visualized using a Carl Zeiss inverted LSM META 510 confocal microscope. Quantification of CD31-and Meca32-labeled vessels, gp38 + FRCs and FDCs was performed on in at least 9 randomly selected fields per mouse and at least 10 mice per time point. The degree of staining was detected using Adobe Photoshop CS3, and the fraction of positively stained pixels relative to the whole number of pixels was expressed as percentage of area positive for CD31 or Meca32.
Whole mount staining. Whole mount staining was performed as described previously (81) . Briefly, spleens were fixed in 4% PFA at 4°C for 2-3 hours and washed in PBS plus 0.15% Triton-X100. 100-μm sections were made using a Vibratome (Leica Microsystems). Sections were washed and blocked in 5% goat serum and subsequently stained with a Cy3-labeled monoclonal antibody against α-SMA. Whole mounts were dehydrated serially in 25%, 50%, 75%, and 100% methanol and then optically cleared using Benzyl Alcohol and Benzyl Benzoate (BABB; Sigma-Aldrich) before imaging. Background autofluorescence was collected by excitation with 488 nm laser and emission collected between 490 nm and 515 nm. Confocal images acquired on a Zeiss Meta510NLO are presented as a 3-dimensional rendering of serial sections generated using Volocity software (Improvision).
Microangiography. Fluorescent microangiography was conducted on naive and infected C57BL/6 mice. Animals were injected via the tail vein with FITC-dextran (500,000 MW; Sigma-Aldrich). Spleens were removed and examined using a Zeiss Stereolumar V12 fluorescence stereomicroscope.
Generation of bone marrow chimeras. B6.CD45.1 recipient mice were lethally irradiated using a split dose regimen or 2× 550 rads given 24 hours apart and delivered using a RS2000 X-ray irradiator (RadSource Inc.). After the second dose, recipients were injected intravenously with 1 × 10 7 B6.Rorc -/-(RORγ-deficient mice; CD45.2) or wild-type B6 (CD45.2) bone marrow cells. Mice were provided with Baytril-treated water for 3 weeks after irradiation and were used for experiments 8-12 weeks after bone marrow reconstitution.
Determination of NO production by macrophages. 2 × 10 6 splenocytes from infected mice were incubated in a 24-well plate (Corning) for 1 hour at 37°C in RPMI and 10% FCS. Nonadherent cells were removed by extensive washing in RPMI (20°C). Adherent cells were then cultured for 24 hours at 37°C in RPMI supplemented with 10% FCS. Supernatants were harvested at 24 hours and assayed for NO levels using a Griess Regent System according to the manufacturer's instructions (Promega).
Real-time RT-PCR. RNA was isolated from whole spleens using an RNeasy kit according to the manufacturer's instructions (Qiagen). RNA was then reverse transcribed into cDNA using the first-strand cDNA synthesis kit according to the manufacturer's instructions (Invitrogen). Oligonucleotides used for the specific amplification were Il10 and Hprt (22) ; Tnf forward, 5′-CATCTTCTCAAAATTCGAGTGA-3′; Tnf reverse, 5′-TGGGAGTAGA-CAAGGTACAAC-3′; Il17a forward, 5′-GCTCCAGAAGGCCCTCAG-3′; Il17a reverse, 5′-CTTTCCCTCCGCATTGACA-3′. Real-time quantitative RT-PCR was performed with the SYBR green PCR kit in an ABI Prism 7000 sequence detection system (Applied Biosystems) according to the manufacturer's instructions. Expression of target genes was normalized to HPRT and expressed as relative expression using the change in cycle threshold (ΔΔCT) analysis method (relative expression of the gene in Sm treated compared to its vehicle control counterpart).
Statistics. Data are expressed as mean ± SEM. Comparison of multiple groups was performed by 1-way ANOVA followed by Dunn's or Tukey post-test as appropriate. When 2 groups were compared, comparison was performed using the 2-tailed unpaired Student's t test (for data following a Gaussian distribution) and the Mann-Whitney test (for data that did not assume Gaussian distribution). D'Agostino and Pearson omnibus normality test was used to test for Gaussian distribution. A probability of less than 5% (P < 0.05) was considered to be statistically significant. All statistical analyses were performed with Prism software (version 5.01; GraphPad Inc.). ED50 values were calculated using nonlinear transform fit using Prism software (version 5.01; GraphPad Inc.).
